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Basic helix-loop-helix (bHLH) proteins often belong to a family of transcription factors that bind to the DNA target
sequence -CANNTG- (E-box) that is present in the promoter or enhancer regions of numerous developmentally regulated
genes. In this study, we report the isolation and initial characterization of a novel bHLH factor, termed Mist1, that was
identi®ed by virtue of its ability to interact with E-box regulatory elements in a yeast ``one-hybrid'' screening procedure.
Northern analysis revealed that Mist1 transcripts are expressed in several adult tissues, including stomach, liver, lung, and
spleen but no expression is detected in the heart, brain, kidney, or testis. During mouse embryogenesis, Mist1 mRNA is
®rst observed at E10.5 in the primitive gut and in the developing lung bud. Expression persists through E16.5 and remains
restricted primarily to the epithelial lining. Mist1 also is detected in skeletal muscle tissues beginning at E12.5, persisting
throughout all embryonic stages examined although in older embryos and in the adult expression becomes severely reduced.
At later developmental times, Mist1 transcripts also are found in the pancreas, submandibular gland, and adult spleen. As
predicted, the Mist1 protein is nuclear and binds ef®ciently to E-box sites as a homodimer. Mist1 also is capable of binding
to E-box elements when complexed as a heterodimer with the widely expressed E-proteins, E12 and E47. Surprisingly,
although Mist1 binds to E-boxes in vivo, the Mist1 protein lacks a functional transcription activation domain. These
observations suggest that Mist1 may function as a unique regulator of gene expression in several different embryonic and
postnatal cell lineages. q 1997 Academic Press
INTRODUCTION the ability to ensure that genes are expressed in the correct
spatial, temporal, and quantitative fashion. The proper con-
trol of developmental expression typically relies on a num-A basic premise of development is that sets of genes need
to be precisely controlled at the transcriptional level to es- ber of transcription factor families which have been shown
to play important roles in cellular determination and differ-tablish the correct speci®cation and differentiation of tissue
types and organ systems. Transcriptional regulation in- entiation events. One example is the basic helix-loop-helix
(bHLH) transcription factor family. Members of this familyvolves not only the ability to turn genes on or off, but also
contain a bHLH motif that consists of two amphipathic a-
helices separated by a variable loop region, all preceded by1 Present address: Laboratoire de Greffe de Moelle, UMR 5540, a basic region that serves as the DNA binding domain (re-
Universite Bordeaux 2, 33076 Bordeaux Cedex, France.
viewed in Kadesch, 1993). The helix-loop-helix motif func-2 Present address: The Veterans Affairs Medical Center, 4150
tions as a dimerization interface, promoting the formationClement Street, San Francisco, CA 94121.
of homodimer and heterodimer complexes among different3 To whom correspondence should be addressed at Department of
family members. Dimerization of the bHLH proteins bringsBiological Sciences, Purdue University, West Lafayette, IN 47907-
1392. Fax: (317) 496-2536. E-mail: SFK@bilbo.bio.purdue.edu. together two basic domains that subsequently bind to the
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DNA core sequence -CANNTG- (E-box) (Blackwell and bHLH domain with previously identi®ed bHLH proteins,
but contains unique N- and C-terminal regions. During em-Weintraub, 1990; Ma et al., 1994; Murre et al., 1989a). Bind-
ing of the bHLH dimer complex to an E-box DNA element bryonic development, Mist1 transcripts are detected ®rst in
the developing gut and lung. Mist1 mRNAs also are foundtypically leads to transcriptional activation of target genes
(Cabrera and Alonso, 1991; Lassar et al., 1991; Schissel et at later embryonic stages in skeletal muscle, the pancreas,
and the submandibular gland. When the Mist1 cDNA isal., 1991).
Although bHLH factors share this common structural expressed in C3H10T1/2 ®broblasts, the Mist1 protein
translocates to the nucleus, forms homodimers or hetero-motif, they can function as positive or negative regulators
of embryonic development. For example, the four muscle dimers with E-proteins, and binds to E-box regulatory sites.
However, Mist1 does not activate transcription from severalregulatory factors MyoD, Myf-5, myogenin, and MRF4 trig-
ger the establishment, maintenance, and differentiation of E-box reporter genes, suggesting that this factor lacks a
functional activation domain. Thus, Mist1 represents athe skeletal muscle phenotype (Buckingham, 1994; Ludolph
and Konieczny, 1995). Similarly, the proneuronal achaete- unique bHLH protein that likely is involved in the regula-
tion of several different developmental networks.scute gene complex (AS-C) in Drosophila encodes four re-
lated bHLH proteins (achaete, scute, asense, and lethal of
scute), whose expression is required for neuronal precursor
formation and differentiation (Jan and Jan, 1993). In con- MATERIALS AND METHODS
trast, the Drosophila hairy gene product represses transcrip-
tion of the scute gene (Ohsako et al., 1994; Van Doren et Isolation of Mist1
al., 1994), while the mammalian HES protein family (hairy
A partial Mist1 cDNA was isolated from a rat cDNA olfactoryand enhancer of split homologues) inhibits neuronal differ-
epithelium library using a yeast ``one-hybrid'' system as previouslyentiation through an active repressor function (Sasai et al.,
described (Mak et al., 1996). Brie¯y, yeast strain yWAM2 (MATa1992; Ishibashi et al., 1995).
Dgal4 Dgal80 URA::GAL1-lacZ lys2801amber his3-D200 trp1-D63Based on in vivo expression patterns, bHLH proteins often
leu2 ade2-101ochre CYH2), harboring an E-box HIS3 reporter gene,
are classi®ed as ``tissue-speci®c'' (i.e., the MyoD family) or was transformed with 100 mg of the GAL4-TAD cDNA library
``ubiquitous'' (i.e., the E2A gene products, E12, E47, and E2- (Wang and Reed, 1993) and grown on leucine, tryptophan, and histi-
5 (Murre et al., 1989b), HEB (Hu et al., 1992) or ALF1 (Niel- dine minus synthetic medium. One clone that survived the histi-
sen et al., 1992)). In many instances the widespread E2A dine minus selection (originally called TAD No. 3-3) was character-
proteins serve as the functional partners for the tissue-spe- ized further and is described in this study. This original clone con-
tained a 1400-bp insert which encoded a putative bHLH domain.ci®c bHLH factors, so that the active transcription complex
In order to isolate the full-length cDNA, 5* and 3* RACE±PCRrepresents a bHLH heterodimer consisting of MyoD and
strategies were employed. Initially, a rat liver cDNA library wasE12 (for example). Indeed, in vivo studies have shown that
constructed from 1 mg poly(A)/ RNA using a Marathon cDNA am-although the tissue-speci®c factor MyoD can form homodi-
pli®cation kit (Clontech) according to the manufacturer's instruc-mers, it is the MyoD:E12 complex that is functionally ac-
tions. 5* RACE products were ampli®ed from this library using a
tive in muscle cells (Lassar et al., 1991). Nonetheless, homo- primer A speci®c for Mist1 (5*-GGTAATGCTGGTACAATTTAG-
dimers of the E-proteins also have been shown to regulate GGCC-3*, nucleotides 587 to 563) and an adaptor primer (5*-CCA-
developmental events since expression of the immunoglob- TCCTAAATACGACTCACTATAGGGC-3*, Clontech). 3* RACE
ulin genes in B cells relies on the formation of E47:E47 products were obtained using a primer B speci®c for Mist1 (5*-
homodimers (Shen and Kadesch, 1995). Thus, the use of GTCCAGCAGCCGCAGGGAGAACA-3*, nucleotides 309 to 332)
and the same adaptor primer as above. PCR ampli®cations weredifferent bHLH factors in controlling developmental events
performed according to the manufacturer's instructions using abecomes even more complicated since widely expressed
proofreading polymerase mix of Taq/Pwo Expand Long Templateproteins, such as E47, can regulate transcriptional activity
Polymerase (Boehringer Mannheim). Speci®c PCR products werein many different cell types due to its ability to form hetero-
identi®ed by Southern hybridizations using the cDNA probe de-dimers with tissue-restricted bHLH factors as well as to
rived from the original Mist1 clone. Positive cDNAs were gel puri-
regulate developmental events through formation of active ®ed and subcloned into the pGEM-T vector (Promega). The cDNA
homodimer complexes. inserts then were sequenced on both strands using the Sequenase
The studies described above reinforce the premise that kit (Amersham/United State Biochemical) and the generated DNA
bHLH proteins play a critical role in controlling embryonic sequences analyzed using the ``GCG'' package and Blast programs.
development and suggest that bHLH regulatory circuits rep-
resent key control points in embryogenesis. The character-
DNA Constructsization of known bHLH proteins has contributed greatly
to our overall understanding of how these factors control
Mammalian expression plasmids were constructed using stan-
transcriptional events. However, it is becoming clearer that dard molecular biology procedures (Sambrook et al., 1989). The
additional bHLH proteins need to be identi®ed in order to Mist1 cDNA (nucleotides 125 ±816) was ampli®ed by PCR from rat
fully de®ne how these factors operate during development. genomic DNA. This cDNA included the full-length coding se-
In this report, we describe a novel bHLH protein, Mist1, that quence as well as a 100-bp 3* untranslated fragment. KpnI and
EcoRI restriction sites were included in the 5* and 3* primers, re-shares extensive homology at conserved residues within the
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spectively. The PCR product then was ligated into the pcDNA3 were performed as described previously (Mak et al., 1992) with
various Gal4-DB-Mist1 constructs and a (Gal4)5-Luc reporter gene.expression vector (Invitrogen) and sequenced to verify the absence
of point mutations. The VP16 transcription activation domain Luciferase activities are reported as fold over control (Gal4-DB vec-
tor alone), as described above.(amino acids 413±489) was ampli®ed by PCR from Gal4-VP16 (Sa-
dowski et al., 1988) using the sense primer 5*-CGTCTAGAATGG-
CCCCCCCGACCGAT-3* (XbaI site added) and an antisense
primer 5*-CCTAGGGCCCTTACTCGTCAATTC-3* (ApaI site Immunostaining
added). The PCR product was digested with XbaI and ApaI and
COS-1 cells, C3H10T1/2 ®broblasts, and chicken embryo myo-ligated into the polylinker of pcDNA3 to generate pcDNA3-VP16.
blasts (Freshney, 1994) were transfected with 10 mg of the pcDNA3-The Mist1 coding sequence next was ampli®ed using the sense
Mist1 expression plasmid or with the empty pcDNA3 vector alone.primer 5*-GGGGTACCTATGAAGACCAAGAAC-3* (KpnI site
Two days later, cells were washed in PBS, ®xed in 4% paraformalde-added) and the antisense primer 5*-CGTCTAGAGCTCCCCTCT-
hyde, and incubated with preimmune serum or with an anti-Mist1CTGAAG-3* (XbaI site added). After digestion with XbaI and KpnI,
rabbit serum raised against a GST-Mist1 fusion protein (aminothe PCR product was ligated in-frame into pcDNA3-VP16 to gener-
acids 56±197). Extensive Western analysis con®rmed that anti-ate Mist1-VP16. Mist1 fusion proteins containing the Gal4 DNA
Mist1 speci®cally recognizes Mist1 and no other bHLH proteinsbinding domain (Gal4-DB) (Lillie and Green, 1989) were similarly
(unpublished results). The immunocomplexes then were detectedgenerated by PCR strategies using pcDNA3-Mist1 (HA epitope-
using an FITC conjugated anti-rabbit IgG (Vector Laboratories).tagged at the N-terminus) as the template and speci®c primers that
Staining was observed with an Olympus ¯uorescence microscope.generate 5* EcoRI and 3* XbaI sites on the ampli®ed product. The
To date, attempts to localize the Mist1 protein in untransfectedindividual PCR products then were cloned in-frame into the EcoRI
cells or in tissue sections have been unsuccessful, perhaps due toand XbaI sites of pcDNA3-Gal4 DB.
the low expression level of the protein.
Northern Hybridizations Electrophoretic Mobility Shift Assays
Total RNA was extracted from adult rat organs or from E15 rat
Electrophoretic mobility shift assays were performed essentially
embryos using the single-step method described by Chomczynski
as described by Lin et al. (1991). Brie¯y, an E-box oligonucleotide
and Sacchi (1987). Total RNA (30 mg) was separated on a denaturing
from the troponin I gene enhancer (5*-GATCCGTCTGAG GAG-
formaldehyde gel, transferred to Nylon N/ membrane (Amersham),
ACAGCTGCAGCTCCA-3*) was end-labeled with [g-32P]ATP and
and hybridized with Mist1 cDNA probes encompassing the SalI/
T4 polynucleotide kinase. Sense and antisense strands were an-
ApaI fragment from the original 1.4-kb yeast clone (nucleotides
nealed and used as a probe. Proteins were synthesized in vitro as
290±1408) or with a 5* BamHI/NaeI fragment derived from the
described in detail elsewhere (Lin and Konieczny, 1992). Plasmids
5* RACE product (nucleotides 64±297). Probes were labeled with used to generate in vitro RNA were as follows: pcDNA3-Mist1,
random decamers (Decaprime II kit, Ambion) and [a-32P]dCTP. A
linearized with XbaI and pBS-E12R (Murre et al., 1989b), linearized
poly(A)/ RNA blot (Clontech) containing 2 mg of rat poly(A)/ RNA
with EcoRI (Ambion Maxiscript). RNA was translated in vitro using
per lane or poly(A)/ RNA from rat olfactory epithelium (gift from
rabbit reticulocyte lysates (Promega) in the presence or absence of
K. Martell (Walton et al., 1993)) also was hybridized as above. After
[35S]methionine (ICN). The quality of labeled proteins was con-
high-stringency washes (0.11 SSC, 0.1% SDS, 657C for 1 hr), the
®rmed by SDS±PAGE and autoradiography.
blots were subjected to autoradiography with an intensifying screen
for 3±7 days at 0807C. Blots were subsequently stripped and re-
probed with a b-actin cDNA to normalize for RNA content. Western Blots
Whole cell extracts were prepared from C3H10T1/2 ®broblasts
transfected with 10 mg of pcDNA3-Mist1 or the pcDNA3 vectorCell Culture and DNA Transfections
alone as described above. Two days later, cell monolayers were
C3H10T1/2 ®broblasts were maintained in Basal Eagle medium rinsed twice in PBS and lysed in 25 ml of 41 SDS±PAGE loading
(Gibco) containing 10% fetal bovine serum plus penicillin (100 U/ buffer (250 mM Tris, pH 6.8, 8% SDS, 40% glycerol, 4% b-mercap-
ml) and streptomycin (100 mg/ml). Transient DNA transfections toethanol). Cell extracts were collected, sonicated for 30 sec to
were performed as previously described (Johnson et al., 1996). break cellular DNA, and stored at 0807C until further analysis.
Brie¯y, cells were plated at a density of 1 1 105 cells/35-mm dish SDS±PAGE was performed according to standard procedures. Sam-
and transfected with a calcium phosphate DNA precipitate. For ples were transferred to a nitrocellulose membrane and saturated
luciferase assays, pcDNA3-Mist1, pcDNA3-Mist1-VP16, or the cor- for 1 hr at 47C in TBS-10% dry milk (TBS is 10 mM Tris, pH 8.0,
responding empty vectors were cotransfected with 0.5 mg of a CMV- 150 mM NaCl). The blots then were incubated with anti-Mist1
LacZ plasmid and 1 mg of a TnI-luciferase reporter plasmid (Johnson antibody for 1 hr at room temperature. After washing for 1 hr in
et al., 1996). Two days after transfection, the cells were lysed with TBS±0.1% Tween 20, the immunocomplexes were detected using
1% Triton X-100, 10% glycerol, 2 mM EDTA, 25 mM Tris±HCl, an anti-rabbit horseradish peroxidase conjugate (Santa Cruz) and a
pH 7.8, and assayed for luciferase (Luciferase Assay System, Pro- chemiluminescence kit (Amersham).
mega) and b-galactosidase (Galacto Light, Tropix) activities as well
as for protein content. Luciferase activities were normalized to b-
galactosidase levels or to protein levels. Luciferase levels are ex- In Situ Hybridizations
pressed as fold over control (pcDNA empty vector only) with each
value representing the average ({ standard deviation) of a minimum A mouse cDNA Mist1 probe was generated by PCR ampli®cation
of mouse genomic DNA using rat Mist1 primers A and B as de-of three independent transfections. Gal4 DNA binding (DB) assays
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FIG. 1. (A) Nucleotide and deduced amino acid sequence of the Mist1 rat cDNA. The sequence of the full-length cDNA was obtained
by a combination of cDNA screening and 5* and 3* RACE PCR strategies. The initiation ATG (Ð) and the basic helix-loop-helix region
(underline) are indicated. A stretch of 10 consecutive glutamine residues (bold italics) as well as the two direct amino acid repeats APGP
(box) also are shown. The arrow indicates the point of divergence between the cDNA clone isolated from the olfactory epithelium library
and the product isolated from liver cDNA. Potential phosphorylation consensus sites for protein kinase A and protein kinase C are
indicated by (l). The polyadenylation signal at the 3* end of the cDNA is underlined. (B) Amino acid alignment of Mist1 with previously
characterized bHLH proteins; MATH-1 (mouse, Akazawa et al., 1995), NeuroD (Xenopus, Lee et al., 1995), E12 (human, Murre et al.,
1989b), MyoD (mouse, Davis et al., 1987), c-Myc (human, Battey et al., 1983), HEN1 (mouse, Brown et al., 1992), Mash1 (rat, Johnson et
al., 1990), Twist (Drosophila, Thisse et al., 1988), and Paraxis (mouse, Burgess et al., 1995). The consensus sequence is derived from Murre
et al. (1989b). C designates hydrophobic amino acids.
scribed in the screening procedure. Polymerase chain reaction con- sequenced. A full-length mouse Mist1 cDNA also was isolated by
5* and 3* RACE strategies. Use of this cDNA as a template forditions were as follows: denaturation: 947C, 30 sec; annealing: 657C,
30 sec; extension: 727C, 1 min for a total of 30 cycles. The PCR cRNA antisense probes yielded the same patterns of expression as
detected with the 280-nucleotide probe.product (280 bp) was cloned into a pGEM-T vector (Promega) and
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FIG. 1.ÐContinued
For in situ hybridization experiments, sense and antisense probes events, we developed a yeast ``one-hybrid'' screening system
were generated with SP6 and T7 polymerase, respectively, and la- that used E-box sequences as DNA binding sites (Mak et
beled with [a-35S]CTP. Paraf®n sections of mouse embryos were al., 1996). One of the clones isolated in these screens (ini-
hybridized as described previously (Lyons et al., 1990). Sections tially called TAD No. 3-3 and renamed Mist1 in this study)
were exposed to Kodak NTB-2 photographic emulsion for 2 weeks.
contained a 1.4-kb DNA insert that terminated with a po-Photographic development was carried out in Kodak D-19. Slides
ly(A) tail. Preliminary Northern analysis indicated that thewere counterstained lightly with toluidine blue and analyzed using
full-length Mist1 mRNA was approximately 3.5 kb (see be-both light- and dark®eld optics on a Zeiss Axiophot microscope.
low), indicating that the original Mist1 clone represented aEmbryonic structures were identi®ed with the help of atlases
(Rugh, 1990; Kaufman, 1992). The following numbers of embryos partial cDNA and that approximately 2 kb of sequence was
were examined at the indicated developmental stages: E7.5Ð3; missing. To obtain a full-length Mist1 clone, 5* and 3* RACE
E8.5Ð5; E9.5Ð7; E10.5Ð7; E11.5Ð10; E12.5Ð5; E13.5Ð8; PCR was performed. From these experiments, a short 5*
E14.5Ð11; E15.5Ð6; E16.5 Ð3. RACE product (587 bp, nt 1±587) and a long 3* RACE frag-
ment (3241 bp, nt 310±3551) were obtained (Fig. 1A). The
two RACE products overlapped each other by approxi-
RESULTS mately 300 bp, con®rming their common origin. The 3*
RACE fragment matched the initial cDNA up to nucleotide
Isolation of the Mist1 cDNA 1542, where a polyadenylation signal in the yeast clone is
located. Interestingly, the 3* RACE product also containedIn an effort to identify new bHLH proteins that are in-
volved in regulatory circuits controlling developmental a second polyadenylation signal and a poly(A) tail that was
FIG. 2. Northern blot hybridization analysis of Mist1 mRNA in adult tissues. Total RNA (30 mg) from rat tissues or from E15 embryos
(left panel), poly(A)/ RNA (2 mg) from olfactory epithelium and brain (middle panel), or a Clontech multiple tissue blot (2 mg poly(A)/
RNA) (right panel) were hybridized to the Mist1 cDNA probe (nucleotides 290±1408) or to a 5* probe derived from the 5* RACE product
(nucleotides 1±297). The size of the Mist1 mRNA is 3.65 kb, with a potential alternatively spliced product in olfactory epithelium
(arrow, middle panel).
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FIG. 3. Localization of Mist1 mRNA by in situ hybridization in the mouse embryo and adult spleen. (A) Transverse section through the
primitive gut and lung bud of an E10.5 embryo hybridized with the antisense probe to Mist1 (see panel B for primitive gut (g), lung bud
(arrow), neural tube (n), and limb bud (b) orientation). (The bright object at lower left is a refractile piece of debris.) (B) A serial section to
that in (A) hybridized with the sense control Mist1 probe. C±I are sections hybridized with the Mist1 antisense probe. (C) A parasagittal
section through the lung (l) and liver (li) of an E14.5 embryo. (D) A parasagittal section through the gut of an E15.5 embryo. (E) A parasagittal
section through the pancreas (p) and liver (li) of an E15.5 embryo. (F) A parasagittal section through the nasal epithelium (large arrows),
tongue (t), jaw (j), and submandibular gland (s) of an E16.5 embryo. Intercostal muscles are indicated by small arrows. (G) Another region
of the same section shown in (F) through the diaphragm (d), gut (g), intercostal muscle (i) and ribs (r). The heart and lungs were removed
from this specimen prior to embedding, so no organs are present in the pleural cavity (pl). A±G are dark®eld micrographs. (H) Phase-
contrast and the corresponding dark®eld micrographs (I) of an adult spleen. White pulp (w) contains B cells and T cells. Red pulp (r)
contains blood cells, macrophages, and plasma cells. The arrowhead indicates the capsule of the spleen. a, atrium; b, limb bud; n, neural
tube. Scale bars A±D and G, 300 mm; E, 75 mm; F, 600 mm; H and I, 150 mm.
positioned approximately 2 kb downstream from the po- position 125) of 197 amino acids, encoding a 22-kDa protein,
followed by a large 3* untranslated region (2.8 kb). Overall,ly(A) site in the original clone. This suggested that Mist1
transcripts contain at least two different splice variants the Mist1 protein is extremely basic (20% arginine, lysine,
histidine) with a predicted isoelectric point of 11.5. Thewithin the 3* untranslated region. Taken together, the 5*
and 3* RACE products represent a 3.55-kb cDNA (Fig. 1A), bHLH region of Mist1 encompasses amino acids 73 to 126
and aligns well with previously characterized bHLH pro-which is in agreement with the size of the observed mRNA.
Several attempts to generate longer 5* RACE fragments teins (Fig. 1B). Sequence homology searches indicate that
the Mist1 protein represents a novel bHLH factor which iswere unsuccessful, leading us to believe that the full-length
Mist1 cDNA has been isolated. most similar within the bHLH domain with two C. elegans
proteins, lin-32 (75%, Zhao and Emmons, 1995) and theExamination of the Mist1 cDNA sequence revealed a pu-
tative open reading frame (starting at the ®rst methionine at hypothetical 21.9-kD protein (73%, GenBank Accession
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No. P46581), and with the neurogenic bHLH factors MATH-
1 (73%, Akazawa et al., 1995) and neuroD (77%, Lee et
al., 1995). The Mist1 protein also contains a stretch of 10
consecutive glutamine residues (amino acids 157 to 166)
which is a feature that is found in several other bHLH pro-
teins, including Twist (Thisse et al., 1988) and Mash1 (John-
son et al., 1990), as well as found in general transcription
factors such as TFIID (Kao et al., 1990) or TAF110 (Hoey et
al., 1993). Several studies have suggested that glutamine
repetitive regions may serve as dimerization interfaces (Per-
utz et al., 1994). Mist1 also contains two adjacent amino
acid repeats (APGP) that are located between the bHLH and
Q-rich regions, as well as several potential sites for protein FIG. 4. Schematic diagram summarizing Mist1 gene expression
kinase A and protein kinase C phosphorylation (Fig. 1A). during mouse embryonic development. The thickness of the lines
represent relative expression levels as detected by in situ hybridiza-
tions.
Mist1 Gene Expression Patterns in Development
In order to determine the tissue distribution of the Mist1
mRNA, Northern hybridizations were performed on various
3F). Mist1 gene transcripts also were detected in olfactoryrat tissues. As shown in Fig. 2, Mist1 transcripts are detected
epithelium from E13.5 to E16.5 (data not shown and Fig.in total RNA isolated from E15 rat embryos and adult stom-
3F), which represents the latest developmental stage exam-ach, but not in liver, skeletal muscle, cardiac muscle, eye,
ined. In the adult, Mist1 mRNAs were detected in the sub-or brain tissues. Hybridizations with poly(A)/ RNA revealed
mandibular gland (data not shown) and in the adult spleen.that Mist1 transcripts also are expressed in the adult liver,
In this organ, hybridization signals were strongest over thelung, spleen, and olfactory epithelium, with weaker expres-
white pulp which contains B and T cells (Figs. 3H and 3I).sion in skeletal muscle and testis. Identical expression pat-
Identical results were obtained when a full-length Mist1terns were obtained when 5*- or 3*-speci®c Mist1 probes
cDNA was used as the in situ hybridization probe (data notwere used in these hybridizations (data not shown). The
shown). In addition, the sense control probe always resultedsize of the Mist1 mRNA is estimated to be 3.65 kb, although
in low background levels of hybridization signal (Fig. 3B).in olfactory epithelium two distinct signals are observed
Based upon the Northern and in situ hybridization data,(Fig. 2). The presence of two different Mist1 mRNAs in this
we conclude that the Mist1 gene exhibits a complicatedtissue agrees with the 3* splice variants that initially were
embryonic and adult expression pattern that encompassesisolated from the olfactory epithelium cDNA library. Al-
several distinct developing organ systems. However, Mist1though we have not isolated the 5* portion of the smaller
transcripts are not ubiquitously expressed since we havetranscript from olfactory epithelium, it seems likely that
been unable to detect expression in many different cellthe size difference between the two mRNAs resides in the
types, including cardiac, brain, kidney, cartilage, and bonelength of their respective 3* untranslated regions.
derivatives. The major embryonic expression patterns of theIn an effort to establish at which stage Mist1 transcripts
Mist1 gene are summarized in Fig. 4.are expressed during embryonic development, in situ hy-
bridizations were performed on mouse embryos using a 280-
bp mouse Mist1 cDNA probe that was cloned by PCR strate-
gies (see Materials and Methods for details). Sequence analy- Characterization of the Mist1 Protein
sis revealed that the rat and mouse Mist1 genes are 94%
identical at the nucleotide level and 100% identical at the Most bHLH proteins control or modulate gene transcrip-
tional events in the cell nucleus. To establish the cellularamino acid level within this region (data not shown). The
earliest expression of Mist1 is found at E10.5 in the primi- location of Mist1, the Mist1 cDNA was overexpressed in
several cell types and Mist1 protein detected using an anti-tive gut and in the developing lung bud (Fig. 3A). Expression
in the gut persists through E16.5 and primarily is restricted Mist1 polyclonal rabbit serum raised against a GST-Mist1
fusion protein. In all cell types examined (primary chickento the epithelial lining of the esophagus, stomach, and intes-
tines (data not shown and Fig. 3D). Mist1 expression in the myoblasts and ®broblasts, COS-1 cells, and C3H10T1/2 ®-
broblasts) Mist1 protein remained exclusively nuclear (Fig.lung is detected in the bronchial epithelium at E14.5 (Fig.
3C) and at E15.5, after which mRNA levels decrease. In 5A). No Mist1 was observed in cells transfected with an
empty expression vector or in cells stained with the preim-skeletal muscle tissues, where bHLH factors have been well
characterized, Mist1 transcripts are detected starting at mune serum (not shown). Western blot analysis using the
anti-Mist1 antibody con®rmed that the Mist1 cDNA en-E12.5 and persist through E16.5 (Figs. 3F and 3G). Mist1
transcripts also are found within the pancreas beginning at codes a 22-kDa protein that can be detected in transfected
C3H10T1/2 ®broblasts but not in control cells (Fig. 5B). WeE14.5 (Fig. 3E) and in the submandibular gland at E16.5 (Fig.
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have been unable to detect endogenous Mist1 transcripts or
protein in the C3H10T1/2 cell line (unpublished data).
The presence of a bHLH domain in Mist1 suggests that
Mist1 possesses the ability to form homodimers or hetero-
dimers with other bHLH proteins and that these complexes
may bind to the E-box DNA consensus sequence CANNTG.
To examine this in detail, electrophoretic mobility shift
assays were performed using an E-box oligonucleotide de-
rived from the troponin I (TnI) gene enhancer (Lin et al.,
1991) and in vitro translated proteins (Fig. 6A). As expected
from our previous yeast studies (Mak et al., 1996), Mist1
strongly interacts with the E-box as a homodimer (Fig. 6B)
but does not interact with a mutated E-box sequence (data
not shown). When Mist1 is cotranslated with the ubiqui-
tously expressed E-protein E12, a Mist1:E12 heterodimer
complex forms that binds to the target E-box site (Fig. 6B).
Identical results also were obtained when E47 was tested
as a dimerization partner (data not shown). Thus, Mist1
is capable of forming DNA binding complexes as either a
Mist1:Mist1 homodimer or as a Mist1:E12 and Mist1:E47
heterodimer.
In an effort to begin characterizing the role of Mist1 in
development, we next examined the ability of the Mist1
protein to activate transcription from E-box-dependent re-
porter genes. Since the natural target genes of Mist1 have
yet to be identi®ed, we examined the ability of Mist1 to
activate expression of a TnI luciferase reporter gene (John-
son et al., 1996). As shown in Fig. 7A, Mist1 fails to activate
the TnI-Luc gene in C3H10T1/2 ®broblasts, even though
the protein is produced, translocates to the nucleus, and
binds to this E-box regulatory element in electrophoretic
mobility shift assays. In contrast, when a Mist1 protein
containing a VP16 TAD (Mist1-VP16) is tested, high levels
of luciferase activity are detected (Fig. 7A). Identical results
also were obtained when a multimerized E-box reporter
gene [(E-box)4-CAT] was tested in these assays with several
different cell types (data not shown).
Since Mist1 is unable to activate expression of various E-
box reporter genes in this system, we also examined if Mist1
contains a functional transcriptional activation domain
(TAD) by generating various Mist1 fusion proteins con-
taining a Gal4 DNA binding domain at the N-terminus (see
Materials and Methods). Transfection of C3H10T1/2 cells
with the (Gal4)5-Luc reporter gene and a Gal4 DB-VP16 ex-
pression plasmid generated the expected activation of
(Gal4)5-Luc expression (Fig. 7B). However, when a full-
length Gal4 DB-Mist1 protein was tested, no transcriptional
activation was observed. Similarly, N-terminus and C-ter-
FIG. 5. (A) Immunostaining with a Mist1 antibody. Chicken em- minus truncations of the Mist1 protein failed to identify
bryo myoblasts were transfected with 10 mg of pcDNA3-Mist1 or
with the vector alone as described under Materials and Methods.
The cultures were ®xed in 4% paraformaldehyde, incubated with
the anti-Mist1 antibody, and immunocomplexes detected with a
FITC conjugate secondary antibody. Top panel, nuclear staining were collected in SDS±PAGE loading buffer and the protein sam-
with DAPI. Bottom panel, staining with anti-Mist1 serum. (B) ples separated on a 12% denaturing polyacrylamide gel. Following
Western analysis of C3H10T1/2 ®broblasts overexpressing the transfer to nitrocellulose membrane, cell extracts were incubated
Mist1 cDNA. C3H10T1/2 ®broblasts were transfected with the with an anti-Mist1 serum and processed as described under Materi-
pcDNA3-Mist1 expression vector or with the empty plasmid. Cells als and Methods.
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The Mist1 protein shares many characteristics of members
of the bHLH superfamily, including nuclear localization,
the ability to form heterodimer complexes with ubiqui-
tously expressed E-proteins, and the ability to bind to E-box
DNA targets. Interestingly, Mist1 binds ef®ciently to E-box
targets as both a homodimer and heterodimer complex with
E12 and E47. This suggests the possibility that Mist1 could
serve multiple functions during development, since Mist1
may regulate one set of genes as a homodimer and a second
set of genes as a heterodimer. In this regard, Mist1 is similar
to the E-protein family. The E47 protein exhibits two differ-
ent modes of activity depending on where the protein is
expressed. In skeletal muscle cells, E47 interacts with
MyoD to form a functional MyoD:E47 heterodimer com-
plex. Formation of this complex is suf®cient to induce cells
to enter the myogenic lineage (Buckingham, 1994; Ludolph
and Konieczny, 1995). In contrast, B cells utilize E47 homo-
dimers to activate expression of speci®c immunoglobulin
genes during development (Shen and Kadesch, 1995). The
precise DNA targets for the Mist1:Mist1 homodimer and
Mist1:E47 heterodimer complexes remain unknown, but it
is likely that these homodimer and heterodimer complexes
exhibit different gene target speci®cities.
One of the surprising results from our studies is that
the binding of Mist1 to E-box sequences is not suf®cient
to activate gene transcription. This is in contrast to most
characterized bHLH factors, such as MyoD and E47, that
transcriptionally activate E-box dependent reporter genes
under similar experimental conditions (Johnson et al.,
1996). The inability of Mist1 to activate gene expression
is not due to an in vivo block in DNA binding since a
Mist1 protein containing a VP16 TAD functions as a po-FIG. 6. Mist1 binds to an E-box DNA sequence as a homodimer
tent activator of an (E-box)-Luciferase gene. However, inand as a heterodimer with E-proteins. (A) Autoradiography of in
the absence of the VP16 TAD the Mist1 protein is tran-vitro translated proteins. In vitro transcribed RNA was generated
from linearized plasmids containing Mist1 and E12 cDNAs. RNA scriptionally silent. The inability of Mist1 to activate a
was translated in vitro using rabbit reticulocyte lysates in the pres- series of E-box-dependent reporter genes likely is due to
ence or the absence of [35S]methionine. Labeled proteins were sepa- the absence of a functional Mist1 transcription activation
rated on a polyacrylamide±SDS gel and subsequently exposed to domain since we have been unable to detect any TAD
X-ray ®lm. -RNA denotes a nonprogrammed rabbit reticulocyte activity associated with Mist1, even when heterologous
lysate. (B) Electrophoretic mobility shift assay. In vitro translated
Gal4 DNA binding assays are employed. It remains for-proteins were incubated with a 32P-labeled troponin I gene E-box
mally possible, however, that Mist1 contributes to a tran-(TnI E-box) and then separated on a nondenaturing polyacrylamide
scription complex only when paired with the appropriategel prior to autoradiography. The positions of the Mist1 homodi-
bHLH partner. Unfortunately, the functional in vivo pro-mers and Mist1:E12 heterodimers are indicated by arrows. F, free
tein partner to Mist1 (if indeed one exists) remains un-probe; * nonspeci®c complexes.
known (see below).
Expression of Mist1 in Endoderm Derivativesany functional Mist1 TAD. We conclude from these studies
that Mist1 likely lacks a functional TAD and that Mist1 Examination of the temporal and spatial patterns of Mist1
gene expression provides some clues as to the protein's nor-binding to E-box sites in vivo is incapable of functioning as
a transcriptional activator. mal function in development. Mist1 transcripts are detected
in the epithelia of embryonic lung, gut, and some of the
glands that secrete into the gut. These expression patterns
likely are connected by the embryonic origins of the tissues,DISCUSSION
since pulmonary epithelium is a derivative of foregut endo-
derm (reviewed in Hackett et al., 1996). In the intestine,In this study we describe the isolation and characteriza-
tion of a cDNA that encodes a novel bHLH protein, Mist1. the architecture of the epithelial lining is complex, with
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FIG. 7. Mist1 does not activate gene transcription in transfected C3H10T1/2 ®broblasts. (A) C3H10T1/2 ®broblasts were transfected
with a troponin I luciferase reporter gene and with increasing amounts of pcDNA3-Mist1 expression plasmid (0.2±1 mg), pcDNA3-Mist1-
VP16 (0.2 mg) or the corresponding control plasmids. The amount of DNA used in each transfection was kept constant using the control
pcDNA3 vector DNA. Expression values are reported as relative luciferase units (RLU) and are normalized to the protein content of each
sample and compared with the control group (pcDNA3 vector alone). Values represent the average of a minimum of three independent
transfections. Error bars indicate { standard deviations. (B) C3H10T1/2 cells were transfected as in (A) with the (Gal4)5-Luc reporter gene
and various Gal4 DB-Mist1 constructs. Whereas the control Gal4 DB-VP16 is a potent activator of the (Gal4)5-Luc reporter gene, none of
the Gal4 DB-Mist1 fusion proteins contain a functional transcriptional activation domain. Values represent the average of a minimum
of three independent transfections. Error bars indicate { standard deviations. DB, DNA binding domain; bHLH, basic helix-loop-helix
domain; Q, glutamine-rich region present in the C-terminus of Mist1.
immature cells arising at the base of the crypts and migrat- expression is predominantly in the villi, suggesting a role
for this factor in more mature cells. Previously identi®eding toward the tips of the villi. Several transcription factors
that may regulate this developmental process have been transcription factors that are known to regulate intestine-
speci®c genes belong to the HNF-1 homeodomain proteindescribed (reviewed in Traber and Silberg, 1996). The in situ
hybridization pattern in the intestine indicates that Mist1 family and to the GATA zinc ®nger family (Traber and
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Silberg, 1996). Thus, Mist1 represents the ®rst bHLH factor or to peripheral circulation, Mist1 expression would be down-
regulated. This hypothesis is consistent with our observa-that is principally expressed in the gastrointestinal tract.
The pancreas develops as two buds from the duodenum tion that Mist1 levels are lower in the red pulp compared
to those in the white pulp.which later fuse to form a single organ containing both
exocrine and endocrine cells (reviewed in Slack, 1995). Our To date, more than 60 bHLH proteins have been identi-
®ed. Some of these factors have a very restricted expressionin situ hybridization data suggest that the exocrine epithe-
lium expresses Mist1, but the endocrine cells do not. The pattern (i.e., the MyoD family), while others, like Mist1,
exhibit a broader tissue distribution. Although bHLH pro-liver contains an exocrine portion that secretes bile into the
duodenum via the gall bladder. The upregulation of Mist1 teins could serve as theoretical partners for Mist1, several
examples of non-bHLH proteins interacting with bHLH fac-expression in the adult, compared to the embryonic liver,
is likely related to liver function at these stages. In the tors also have been reported. For example, MEF2, a MADS
box family member, interacts with MyoD:E12 heterodimerembryo, the liver is mainly a hematopoietic organ (Rugh,
1990), but in the postnatal mouse, it exhibits predominantly complexes to generate cooperative transcriptional activity
(Molkentin et al., 1995). Similarly, the pocket domain ofexocrine and endocrine functions. Thus, it is likely that
Mist1 is upregulated in the bile duct epithelium in the post- the tumor suppressor protein Rb binds to the bHLH region
of MyoD (Gu et al., 1993) and the LIM proteins RBTN1 andnatal mouse. The submandibular gland is one of several
salivary glands that secrete into the oral cavity. A number RBTN2 interact with the bHLH proteins Tal1, Tal2, and
LYL1 (Wadman et al., 1994). Identi®cation of a dimerizationof salivary gland-speci®c promoter/enhancers have been de-
®ned that direct gene expression to speci®c cell types such partner for Mist1 will greatly contribute to our understand-
ing of the physiological function attributed to this novelas serous or mucous cells (reviewed in Samuelson, 1996).
With further study, Mist1 may be shown to play a role in bHLH factor. Yeast ``two-hybrid'' screens currently are be-
ing performed to establish if Mist1 primarily functions inregulating one or more of these promoter/enhancers.
vivo as a homodimer and/or as a heterodimer with other
bHLH proteins or whether additional, unknown factors in-Expression of Mist1 in Mesoderm Derivatives teract with the Mist1 protein in development.
Mist1 mRNAs also are detected in muscle where the pro-
tein may interact with the bHLH myogenic regulatory fac-
tors. Mist1 gene transcripts are ®rst detected in skeletal ACKNOWLEDGMENTS
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